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aINTRODUCTION
Adhesion between cells is vital for the formation of
multicellular organisms during development. Although
many different mechanisms of cell adhesion have been
identified (Gumbiner, 1996), two distinct mechanisms have
been found to be particularly important for constructing the
basic architecture of the embryo. The first allows cells to
distinguish between their neighboring cells and selectively
form aggregates or layers with cells of the same type. This
adhesion between similar cells is often mediated by mem-
bers of the cadherin family of cell adhesion molecules, each
of which generally binds to an identical molecule on the
adjacent cell. The second concerns the next level of cell
organization, the adhesion between different cell layers to
form complex tissues. This is often mediated by members
of the integrin family. They achieve this not by binding
directly to the cells of the other layer, but instead by
binding to the extracellular matrix (ECM), a mix of glyco-
proteins that forms an insoluble meshwork in the extracel-
lular space between the layers. As development progresses
the cellular interactions mediated by cadherins and inte-
grins change from small transient contacts, involved in cell
recognition and migration, to the larger more stable adhe-
sive contacts known as cell junctions, which are important
for tissue integrity and function.
Integrins are heterodimers of two single-pass type I trans-
membrane proteins, an a and a b subunit (Hynes, 1992;
Cheresh and Mecham, 1994). Integrin heterodimers are
formed as the two subunits are synthesized in the endoplas-
mic reticulum and no exchange of subunits on the cell
surface has been observed. This complex structure con-
trasts with the simple monomeric, single-pass type I trans-
membrane structure of cadherins (Takeichi, 1995). Al-
though some integrins have been found to bind to other
transmembrane proteins, in general the combined a and b
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ECM ligands include proteins that are clearly conserved
between vertebrates and invertebrates, such as collagens
and laminins, and proteins that do not appear to be con-
served, such as fibronectin in vertebrates and tiggrin in
Drosophila. These proteins are secreted from cells and
organized by interactions with cell-surface receptors into
diverse structures ranging from basement membranes to
tendons (Adams and Watt, 1993; Yurchenko et al., 1994).
The ECM can act both as the glue to hold together disparate
tissues and as an insulator to keep them apart. In addition it
provides an important source of signals that promote pro-
liferation and differentiation. Given these important roles,
the regulation of the assembly of the ECM, by cell surface
receptors such as the integrins, will in turn regulate the
assembly of tissues during development. Ultimately, the
formation of diverse extracellular matrices is crucial for the
structural stability of the organism.
In order for cadherins and integrins to mediate strong
adhesion, they have to bind not only to their extracellular
ligands, but also to the cytoskeleton. This connection is
most clearly seen at stable cellular junctions. Vertebrate
cells have four types of adhesive junctions that are linked to
the cytoskeleton. Connections to the actin cytoskeleton are
made on the lateral surfaces by classic cadherins, at adher-
ens junctions, and on the basal surface by integrins, at
hemiadherens junctions. Similarly, connections to interme-
diate filaments are made by the desmosomal cadherins at
desmosomes and by integrins at hemidesmosomes.
The most straightforward link between an integrin and
the cytoskeleton occurs at hemidesmosomes, where the
cytoplasmic tail of the b4 integrin subunit binds to plectin,
which in turn binds to cytokeratin intermediate filaments
(Nievers et al., 1999). However, since the b subunit specific
to these junctions has an unusually long cytoplasmic do-
main that is not similar in sequence to other b subunit
ytoplasmic domains, this example does not provide a
eneral model for integrin–cytoskeleton linkage. The link-
ge between integrins and the actin cytoskeleton is not as
imple and exists in diverse forms: hemiadherens junctions,
1
c
m
B
m
l
a
c
p
(
c
b
v
o
c
b
t
m
c
h
c
g
i
a
m
b
G
1
s
b
p
a
m
p
c
t
s
a
o
1
1
f
w
n
t
f
t
t
e
c
e
m
t
c
a
a
o
d
w
c
t
h
o
h
v
M
1
B
i
i
o
d
2 Brown, Gregory, and Martin-Bermudofocal adhesions, myotendinous junctions, etc. Many mol-
ecules that have the potential to link integrins to actin
filaments have been characterized. The actin binding pro-
teins talin, filamin, vinculin, and a-actinin all either colo-
alize with integrins and/or bind directly to the cytoplas-
ic domains of integrin subunits (Schoenwaelder and
urridge, 1999). So far elimination of any one of these
olecules does not completely disrupt the integrin–actin
ink (e.g., Volberg et al., 1995; Priddle et al., 1998). In
ddition, it seems that more molecules are recruited to the
ytoplasmic face of sites of integrin adhesion than could
ossibly interact directly with the short cytoplasmic tails
,50 amino acids). Therefore, it may be that in different
ells or subcellular locations the integrin–actin link is made
y different linker proteins or different arrangements of the
arious linkers within the complex. Alternatively, each site
f integrin adhesion could contain a mixture of different
onnections such that individual integrins are directly
inding to different types of linker protein. Thus, an impor-
ant question about the function of integrins in develop-
ent is whether different proteins link integrins to the
ytoskeleton in diverse developmental situations.
As transmembrane proteins, cell adhesion molecules
ave the potential to transmit signals to the interior of the
ell, just like other transmembrane receptors do, such as
rowth factor receptors. This is an attractive idea, because
t would seem sensible to have feedback between cellular
dhesion, proliferation, and differentiation during develop-
ent, and there is good evidence to support signaling by
oth integrins and cadherins (Clark and Brugge, 1995;
iancotti and Ruoslahti, 1999; Vleminckx and Kemler,
999). We confess to some initial scepticism about integrin
ignaling, because in many cases in which integrins had
een shown to be essential for a signaling event, it was not
ossible to distinguish between a signaling pathway initi-
ted by the intracellular domain of integrins and a require-
ent for integrin adhesion to keep cells in close enough
roximity to each other or to the ECM so that other signals
ould be transmitted. However, convincing evidence for the
ransmission of intracellular signals by integrins in re-
ponse to ECM binding, known as outside-in signaling, has
ccumulated in a variety of systems, including the devel-
ping embryo (e.g., Yurochko et al., 1992; Miyamoto et al.,
995a; Wary et al., 1996; Martin-Bermudo and Brown,
999). Thus, additional important questions concerning the
unction of integrins during development arise: when and
here is integrin signaling important, and what is the
ature of the signals sent by integrins? Furthermore, does
he adhesive function require signaling or are these two
unctions independent?
Another aspect of the function of cell adhesion molecules
hat is important to consider in a developmental context is
he regulation of adhesion. It is vital that adhesion mol-
cules only form attachments at the appropriate time and
an be inactivated to allow morphogenetic changes such as
pithelial-to-mesenchymal transitions and the subsequent
igration. It may not always be feasible to achieve this by
Copyright © 2000 by Academic Press. All righturnover of the proteins, and so regulation of the activity of
ell adhesion molecules present on the plasma membrane is
n important control point.
The focus of this review is on how the experimental
dvantages of Drosophila are being used to elucidate devel-
pmental functions of integrins. In particular we will ad-
ress which developmental events require integrins and
hich do not, why different integrins are used in different
ell types, whether a particular integrin function requires
he adhesive function or the signaling function or both, and
ow Drosophila genetics is being used to determine what
ther proteins are required for integrin function.
In analyzing the experiments on Drosophila integrins, it
as been important to consider the large body of work on
ertebrate integrins (reviewed in Hynes, 1992; Cheresh and
echam, 1994; Clark and Brugge, 1995; Brakebush et al.,
997; Giancotti and Ruoslahti, 1999; Schoenwaelder and
urridge, 1999). We expect that the basic functions of
ntegrins will be conserved, but that some new uses of
ntegrins will have evolved in vertebrates, such as the roles
f integrins in blood clotting and immune function. Before
iscussing Drosophila integrins, we wish to outline a gen-
eral scenario for integrin function that has arisen from work
in vertebrate systems (Fig. 1; see above reviews for refer-
ences). Integrin heterodimers are initially present on the
cell surface in a “resting state” that has low affinity for
extracellular ligands. They are activated by inside-out sig-
naling, in which cytoplasmic molecules act on the integrin
cytoplasmic domains to produce a conformational change
in the extracellular domains, so that the integrin het-
FIG. 1. Schematic of the process of integrin adhesion and
signaling.erodimer has higher affinity for extracellular ligands. Fol-
s of reproduction in any form reserved.
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3Integrins as Mediators of Morphogenesis in Drosophilalowing activation, the integrins begin to bind to extracellu-
lar matrix proteins, causing two independent effects. One is
a change in the ability of integrin cytoplasmic tails to
interact with proteins; a displacement of the a subunit tail
exposes sites on the b subunit tail, which can then be bound
y cytoplasmic proteins, including those that link the
ntegrin to the cytoskeleton. The second effect of binding to
he ECM is the clustering of the integrins, which initiates
utside-in signaling. The integrin field favors the concept of
ntegrin clustering, rather than the simple dimerization
hought to be characteristic of receptor tyrosine kinases, in
art due to the large size of integrin-containing structures
uch as focal adhesions, which clearly contain more than
wo integrin molecules. In some cases it has been possible
o show that this distinction is important since, for ex-
mple, dimerization of a chimeric protein containing the b1
ytoplasmic tail with a monoclonal antibody will not
levate the phosphorylation of focal adhesion kinase (FAK),
hile forming higher order aggregates by adding a second-
ry antibody does (Lukashev et al., 1994). However, in other
ssays dimerization appears to be sufficient (Yurochko et
l., 1992; Martin-Bermudo and Brown, 1999). It is not
lways clear how clustering or dimerization activates the
olecules that form the first step of integrin signaling
athways, although autophosphorylation of noncovalently
inked kinases is one possible mechanism, so that integrins
ct like receptor tyrosine kinases. In different experimental
aradigms, clustering of either a or b subunit cytoplasmic
omains can initiate a signaling pathway that promotes
roliferation, with distinct pathways arising from each
ubunit. These pathways work in concert with growth
actor receptor pathways and help account for the phenom-
non of anchorage-dependent growth, in which cells must
oth attach to an ECM substrate and receive a growth factor
ignal in order to proliferate. In contrast, little is known of
he integrin signaling pathways that control differentiation.
he sites of clustered ligand-bound integrins, such as focal
dhesions, accumulate a surprisingly large number of di-
erse proteins including both cytoskeletal (talin, vinculin,
lamin) and signaling molecules such as FAK, Src, Shc, and
I3K (e.g., Miyamoto et al., 1995b). This has given rise to
he view that integrins organize large signaling centers,
hich allow other signaling pathways to function more
ffectively.
There are many possible variations of this scenario. For
xample, some extracellular ligands have been found to
onvert integrins from low to high affinity (Du et al., 1991),
o that activation does not necessarily have to come from
nside the cell. In some cases, clustering may precede ligand
inding (e.g., Stewart et al., 1998), and thus it is possible
hat signaling could be initiated in the absence of ligand
inding. In the scenario above, the integrins bind to a
reexisting extracellular matrix, but integrins have also
een shown to play a role in the assembly of the ECM (e.g.,
arribere et al., 1990). Thus in considering the develop-
ental functions of integrins we should keep in mind thatntegrin affinity can be regulated from both inside and
Copyright © 2000 by Academic Press. All rightutside the cell and that integrins may have important roles
n assembling molecular complexes both inside and outside
he cell.
Drosophila INTEGRINS
Drosophila Integrin Subunits and Their
Extracellular Ligands
At the time of writing, the complete Drosophila genome
sequence is almost completed. So far two b subunits and
five a subunits have been identified in Drosophila (N.H.B.
nd Berkeley Drosophila Genome Project, unpublished),
ompared with one b and two a subunits in the Caenorhab-
itis elegans genome sequence (C. elegans Sequencing
onsortium, 1998) and 8 b subunits and 18 a subunits in
umans to date (see Velling et al., 1999). Most of the
rosophila work has focused on the position-specific (PS)
ntegrins, named for their initially identified patterns of
xpression (Brown, 1993; Gotwals et al., 1994b; Brabant et
l., 1998). These integrins, as we shall describe in detail,
ave several adhesive and signaling roles during develop-
ent; notably in attachment of somatic and visceral
uscles, morphogenesis of the gut and epidermis, and
dhesion between the two surfaces of the wing blade (see
able 1).
The bPS subunit, encoded by the myospheroid (mys)
locus, is likely to form heterodimers with all five known a
subunits (aPS1–5). Three of the heterodimers have been
purified biochemically: PS1 (aPS1bPS), PS2 (aPS2bPS), and
PS3 (aPS3bPS) (Brower et al., 1984; Wilcox et al., 1984;
tark et al., 1997). The aPS1 subunit, encoded by the
ultiple edematous wings (mew) locus, is equally similar
o the vertebrate subunits a3, a6, and a7, while aPS2, from
the inflated (if) locus, is equally similar to a5, a8, aV, and
aIIb (see Martin-Bermudo et al., 1997). The aPS3–5 sub-
units are equally distantly related to all the vertebrate a
subunits (Stark et al., 1997; N.H.B. and Berkeley Drosophila
Genome Project, unpublished). The locus encoding aPS3 is
complex, with two transcripts and mutant alleles that
cause a range of phenotypic strengths from embryonic
lethal with dorsal holes (scab alleles) to adult viable (volado
alleles) (Stark et al., 1997; Grotewiel et al., 1998). It turns
out that the putative ATG of aPS4 lies only 259 bp
downstream of the polyadenylation site of aPS3 transcripts,
suggesting that it may rely on regulatory elements within
the aPS3 gene and therefore be part of the same complex
ene. This could account for the fact that apparent molecu-
ar null mutations in the aPS3 gene have only a weak scab
henotype (R. Davis and NHB, unpublished results). It is
ot known whether strong scab alleles alter both aPS3 and
aPS4. Mutations in the other new a subunit, aPS5, have not
been characterized yet.
The second b subunit, bn, appears to be restricted in its
xpression to the endodermal cells of the gut (Yee and
ynes, 1993). It is not known what a subunits formheterodimers with it. Mutations in this gene have not been
s of reproduction in any form reserved.
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Protein Genetic locus Cyt. Abbreviated phenotype Sequence motifs Proposed functions
ntegrins
Integrin aPS1 multiple
edematous
wings
11D Larval lethal, gut defects,
blisters in wing clones
a integrin repeats Transmembrane receptor
with bPS
Integrin aPS2 inflated 15A Embryonic lethal, muscle
detachment, gut defects,
blisters in wing clones
a integrin repeats Transmembrane receptor
with bPS
Integrin aPS3 scab/volado 51E Embryonic lethal, dorsal
hole, tracheal defects,
memory
a integrin repeats Transmembrane receptor
with bPS
Integrin aPS4 scab? 51E a integrin repeats Transmembrane receptor
with bPS
Integrin aPS5 59F a integrin repeats Transmembrane receptor
with bPS
Integrin bPS myospheroid 7D Embryonic lethal, muscle
detachment, dorsal hole,
gut defects, etc., blisters
in wing clones
Transmembrane receptor
with aPS1–5
Integrin bn 39B Transmembrane receptor
with a?
Extracellular matrix
Collagen IV a1 Cgc25C 25C Lethal NC1, 7S domains Basement membrane
Collagen IV a2 viking 25C Lethal NC1, 7S domains Basement membrane
Glutactin 29D Basement membrane
Laminin a1,2 wing blister 35 Embryonic lethal, viable
allele has wing blister
EGF, lamininG repeats Basement membrane,
Tendon matrix, PS2 ligand
Laminim a3,5 LamininA 65A Embryonic lethal, defects
in muscle, gut, heart and
axons
EGF, lamininG repeats Basement membrane,
PS1 ligand
Laminin b 28D EGF repeats Trimerizes with laminin as
Laminin g 67C EGF repeats Trimerizes with laminin as
M-spondin m-spondin 51C No phenotype Thrombospondin type 1 Tendon matrix
Nidogen 47A Basement membrane
Papilin 98D TSP1 Basement membrane
Perlecan 3A Proteoglycan Basement membrane
Tenascin tenascin major 79E Patterning and CNS defects EGF repeats, Fn type III Tendon matrix, PS2 ligand
Tiggrin tiggrin 26D Larval lethal; muscle
attachment defects
Tiggrin repeats Tendon matrix, PS2 ligand
loned blister mutations
Held out wings held out wings 93F Embryonic lethal, defects
in muscles, tendon cells
and germ-band
shortening
KH RNA-binding domain RNA localization
Kakapo kakapo 50C Embryonic lethal, tendon
cells rip, germ-band
shortening defects,
blisters in wing clones,
axon defects
Actin binding domain,
Spectrin repeats,
GAS2 domain
Binds actin, microtubules,
possibly integrins
rthologues of vertebrate integrin-associated proteins
a-actinin a-actinin 2C3 Muscle defects Actin binding domain,
EF hand
Actin crosslinking
FAK 56D Y kinase Signaling
Filamin cheerio 89F Defect in oocyte ring
canals
Actin binding domain,
Filamin repeats
Links actin to plasma
membrane, binds integrins
Filamin 59A Actin binding domain, Links actin to plasma
Filamin repeats membrane, binds integrins
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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5Integrins as Mediators of Morphogenesis in Drosophilaidentified, and embryos that are genetically deficient for
this locus develop a morphologically normal gut (Reuter et
al., 1993). Therefore essential functions of this subunit have
not yet been determined.
Some of the ECM ligands for the PS integrins have been
identified: laminins, the novel protein tiggrin, and possibly
tenascin-m and collagen IV (see Table 1). It appears that
both PS1 and PS2 can bind laminins. Each laminin is a
heterotrimer of three chains, an a, b and g, and in humans,
five a chains, three b chains, and two g chains have been
dentified, which combine to form at least 11 heterotrimers
Sasaki and Timpl, 1999). So far in Drosophila, genes
ncoding two a chains, one b, and one g have been identi-
fied (Montell and Goodman, 1988, 1989; Chi and Hui, 1989;
Martin et al., 1999). The a chain encoded by the laminin A
lanA) gene encodes a protein that is related to the verte-
rate a3 and a5 chains, while that encoded by the locus
ing blister (wb) is related to a1 and a2. The laminin
heterotrimer containing the a chain encoded by lanA has
een shown to be a ligand for PS1 and not PS2 (Gotwals et
l., 1994a), and this is supported by the observation that
TABLE 1—Continued
Protein Genetic locus Cyt. Abbreviated ph
ILK 78C
Paxillin 37D
PINCH 85A
Syndecan 57E
Talin 66D
Vinculin vinculin 2E No phenotype
ncloned blister mutations Phenotype (in add
auk 51A–B Larval lethal
blisterwing Pupal lethal
blistery 85D Viable
bloated 44E–F Larval lethal, win
bubblewing Larval lethal
cassowary 36C–D Larval lethal
dumpy 25A Embryonic/larval
kiwi Embryonic/larval
moa 59A Embryonic/larval
Ostrich Pupal lethal
papillotte 10F Embryonic lethal
piopio 60C–D Embryonic lethal
puri Embryonic lethal
pygoscelis Larval lethal
rhea 75A–C Embryonic lethal
steamer duck 84D–85B Larval lethal, ove
takahe 59D–60A Embryonic lethal
vesiculated 6B Viable
Note. References for this table can be found in the text
ww.ncbi.nlm.nih.gov/Entrez). The genetic locus is shown only w
ene. This table is not exhaustive, we apologize if your favorite geutations in mew (aPS1) and lanA share some embryonic
Copyright © 2000 by Academic Press. All righthenotypes (Prokop et al., 1998a). When a fragment of the
b a chain, which contains an RGD site, is expressed and
purified from Escherichia coli, the fusion protein is a good
ligand for the PS2 integrin (Graner et al., 1998). It is possible
that the native laminin heterotrimer containing the wb a
chain could be a ligand for both PS1 and PS2, but this has
not been tested yet. This would occur if PS1 binds to a site
that is conserved in the 2 laminin heterotrimers. Mutations
in wb cause phenotypes that are consistent with it being a
ligand for PS1, PS2, and PS3/4 (Martin et al., 1999). The PS2
integrin also binds to a fusion protein of an RGD-containing
portion of the tenascin-m protein, but it is not known
whether this occurs in vivo (Graner et al., 1998).
The most clear-cut ligand for the PS2 integrin is the novel
extracellular matrix protein tiggrin (Fogerty et al., 1994).
Tiggrin is a secreted glycoprotein that contains an RGD site
and is a good ligand for the PS2 integrin. In the embryo
tiggrin colocalizes with the PS2 integrin at the integrin-
dependent muscle attachment sites (Fogerty et al., 1994;
and see Fig. 2d), and genetic loss of tiggrin causes a milder
version of some aspects of PS2 integrin phenotype (Bunch et
ype Sequence motifs Proposed functions
S/T kinase, ankyrin
repeats
Signaling
4 LIM domains Adaptor
5 LIM domains Adaptor
Proteoglycan Coreceptor with integrins
ERM domain Links actin to plasma
membrane, binds integrins
Cytoskeletal linker
to wing clone blisters)
ape defects
al, wing shape defects
al
al
rcontracted muscles
ermis detaches from muscles
tracted muscles
sal hole
Flybase (http://flybase.bio.indiana.edu) or via Entrez (http://
mutants are available; Cyt. refers to the cytological location of the
as not been included due to space constraints.enot
ition
g sh
leth
leth
leth
, ove
, epid
rcon
, dor
, on
hereal., 1998). This weaker phenotype suggests that there is
s of reproduction in any form reserved.
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6 Brown, Gregory, and Martin-BermudoFIG. 2. Developmental defects in the absence of PS integrins. Each part contains a picture of a tissue from a wild type-fly at the top and
n integrin mutant at the bottom. (a) Primordial midgut migration is delayed, and the cells fail to take on a migratory morphology in the
bsence of both maternal and zygotic bPS function (reproduced by permission of the Company of Biologists from Martin-Bermudo et al.,
999). (b) Visceral muscles, as revealed by staining for filamentous actin, detach from the midgut endoderm in the absence of the PS2
ntegrin, and the midgut fails to elongate and form four gastric caeca. The gastric caeca defect is more clearly seen by the arrowheads in
c) showing similar defects in the absence of PS1, which in addition causes aberrant regulation of genes in the endoderm, as shown by the
pregulation of this enhancer trap expressing nuclear b-galactosidase (b and c are reproduced, by permission of the publisher, from
artin-Bermudo and Brown, 1999). (d) In the absence of the PS2 integrin the somatic muscles (membrane labeled in green) detach from the
xtracellular matrix (stained for tiggrin in red), which also detaches from the epidermis (out of the focal plane; reproduced from
artin-Bermudo and Brown, submitted for publication). (e) Dorsal closure is defective in the absence of the bPS subunit, as revealed by
taining the epidermal membranes with anti-Fas III antibody (photo, N.H.B.). (f) Adhesion between the two surfaces of the wing fails when
ntegrin function is reduced in the adult, as in this weak mutation in the PS2 integrin (photo courtesy of Andrea Knox), or when clones of
ells completely lacking PS integrin function are produced by mitotic recombination.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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7Integrins as Mediators of Morphogenesis in Drosophilamore than one ligand for each of the PS integrins, consistent
with the multiplicity of ligands found for vertebrate inte-
grins. The reciprocal is also true since eliminating the PS2
binding site of tiggrin, by mutating the RGD site, does not
completely eliminate tiggrin function (Bunch et al., 1998).
Another good example is the phenotype of lanA, which has
aspects differing from the phenotype caused by absence of
the PS integrins, suggesting functions mediated by other
receptors such as dystroglycans (Yarnitzki and Volk, 1995;
Prokop et al., 1998a). Collagen IV is another potential
ligand for the PS integrins, since perturbing its function in
Drosophila also causes phenotypes similar to loss of PS
integrin function (Borchiellini et al., 1996), but it is not
known whether the PS integrins bind to collagen IV di-
rectly. We suspect that additional ECM ligands of the PS
integrins will be identified in the near future; what is harder
to predict is whether there are any transmembrane proteins
that will prove to be important ligands for these integrins.
Integrin Phenotypes: What Goes Wrong with
Development in the Absence of Integrins
The most dramatic phenotypes of integrin mutations are
failures in the adhesion between cell layers (see Brown,
1993, for references prior to 1993). These include detach-
ment of the somatic muscles from each other and their
epidermal attachment sites (Fig. 2d), detachment of the
visceral mesoderm from the endoderm (Fig. 2b), and sepa-
ration between the two surfaces of the wing (Fig. 2f).
Epithelial layers remain intact, in contrast to the defects
caused by absence of the most abundant Drosophila cad-
erin (Tepass, 1999), supporting a model in which cadherins
ediate primary adhesion between cells in a layer and
ntegrins connect the different layers together.
Integrin function in the attachment of the striated
uscles: a vital link to the ECM. PS integrins are required
or the attachment of muscles to each other and to their
nchoring points in the epidermis (Fig. 2d). In the absence of
S integrins, the initial specification, fusion, and attach-
ent of the muscles proceeds normally, but once the
uscles begin to contract they detach and round up (Brown,
993). This integrin-dependent attachment of the somatic
uscles is more complex than we initially thought, as
uscle–ECM–muscle attachment turns out to be distinct
rom ECM–epidermal cell attachment (Fig. 3) and it appears
o be built up in several stages. In vertebrates comparable
ntegrin links are found at two separate sites: the myoten-
inous junction and the basal attachment of the epidermis
o the underlying dermis.
The specialized epidermal cells that form attachments
ith the muscles can be distinguished from the majority of
pidermal cells by expression of the transcription factors
tripe and delilah and high expression of the cytoskeletal
roteins b1 tubulin and kakapo (Volk, 1999). Muscle con-
traction leads to contraction of the exoskeleton, therefore a
strong link must be formed through the intervening epider-
mis. So far, we have a partial description of the molecular b
Copyright © 2000 by Academic Press. All rightrchitecture of this link. The actin–myosin contractile
pparatus terminates the ends of the muscles, with the
ctin filaments connecting to prominent hemiadherens
unctions (HAJs). Within these HAJs we think that actin is
onnected to the cytoplasmic domain of the bPS subunit of
he PS2 integrin, but essential components of this link have
ot been characterized yet. PS2 binds to the specialized
CM found at muscle attachment sites, the tendon matrix,
hich contains the PS integrin ligands tiggrin and the wb
aminin as well as other ECM proteins. The loss of the PS2
ntegrin alone causes the muscles and epidermal cells to
etach from the tendon matrix (Fig. 2d; Prokop et al.,
998a). The epidermal muscle attachment cells also bind to
he tendon matrix, but the role of the PS integrins in this
ttachment is less clear. The PS1 integrin may bind, but it
s essential only for a link to the basement membrane (not
hown in Fig. 3), and therefore additional receptors are
equired, which may include the PS2 integrin (see Prokop et
l., 1998a for discussion). This combination of receptors
ontributes to the prominent HAJs at the basal surface of
he epidermal muscle attachment cells. Microtubule
FIG. 3. Organization of the PS integrin-dependent link at the
muscle attachment sites of the Drosophila larva. Modified from
Gregory and Brown (1998, The Journal of Cell Biology, Vol. 143, pp.
1271–1282, by copyright permission of Rockefeller University
Press.) Specialized epidermal cells expressing the transcription
factor stripe from PS integrin-dependent attachments to the
muscles via the tendon matrix. Proteins that remain to be identi-
fied are those that link the apical surface to the cuticle and those
that link the PS integrins to kakapo in the epidermal cells or to the
actin filaments in the muscles.undles connect the basal HAJs to the apical HAJs. One
s of reproduction in any form reserved.
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8 Brown, Gregory, and Martin-Bermudoessential component of the link between the microtubules
and the HAJs has been identified, the actin and microtubule
binding protein kakapo (described in more detail below). We
do not know what receptors link the microtubules and/or
kakapo to the cuticle exoskeleton.
The tendon matrix is sufficient to hold the muscles
together end to end, even in the absence of its connection to
the epidermis. This has been shown under several experi-
mental conditions under which attachment to the epider-
mis is impaired but the muscles remain attached end to
end: in engrailed mutant embryos in which specification of
the epidermal attachment cells is disrupted, in bPS mutant
embryos that have had bPS expression restored only in the
esoderm (Martin-Bermudo and Brown, 1996), and in em-
ryos mutant for either of two loci, rhea and kakapo, which
ack epidermal attachment to the muscles, but retain
uscle–muscle attachment (Prout et al., 1997; Gregory and
rown, 1998; see below). The absence of the tendon matrix
omponent tiggrin causes the converse defect, in which
uscle–muscle attachment is defective, but muscle–
pidermal connections remain (Bunch et al., 1998). Thus,
he muscles and the epidermis form distinct and indepen-
ent connections to the tendon matrix.
Ultrastructural analysis of muscle attachments in em-
ryos mutant for the integrins has revealed the unexpected
nding that the integrins are not essential for the formation
f the link between the cytoskeleton and the plasma
embrane at the HAJs, but instead are just required to link
he HAJs to the ECM (Newman and Wright, 1981; Prokop et
l., 1998a). This contrasts with integrin function in the
ertebrate epidermis, in which in the absence of either
ubunit of integrin a6b4 hemidesmosomes are not formed
and the cytokeratin filaments are not linked to the plasma
membrane (Nievers et al., 1999). This rules out a simple
model in which the primary role of integrins is to join the
cytoskeleton to the membrane. In addition, the tendon
matrix is deposited at the right position in the absence of
the PS integrins, also ruling out an absolute requirement for
the known integrins in the assembly of the extracellular
matrix. However, we should keep in mind that our assays
are currently limited, and the structure of the cytoskeleton–
membrane link or the tendon matrix may in fact be par-
tially defective in the absence of the PS integrins, especially
as it seems likely that these complex structures are built up
sequentially. These results have led us to propose a model
by which the attachment of muscles to the epidermis can
be seen as a multistep process with some elements preced-
ing integrin function and others dependent on it (Prokop et
al., 1998a). In this model, muscles first make a close contact
with the epidermis, which triggers the assembly of HAJs
and the localization and activation of integrins. Then,
integrins strongly attach to the extracellular matrix, which
stabilizes it to establish the strong adhesion between
muscles and epidermis necessary for movement.
Ultrastructural analysis also revealed that both PS1 and
PS2 integrins bind to a different form of the ECM, the
basement membrane (Prokop et al., 1998a). This thin
Copyright © 2000 by Academic Press. All rightlectron-dense structure surrounds the muscles and runs
long the basal surface of the epidermis; it has not been
ossible to determine whether it also contributes to the
endon matrix. PS1 binding to the basement membrane
equires the laminin a chain encoded by lanA, while PS2
inding to the basement membrane does not (Prokop et al.,
998a). The effect of removing the wb laminin has not been
xamined ultrastructurally yet. Removing PS1 alone does
ot have a detectable phenotype at the embryonic muscle
ttachment sites, but in the absence of PS2 one can see the
oss of PS1 attachment to the basement membrane, result-
ng in a more dramatic detachment of the muscles. The PS2
dhesion to the basement membrane is observed at small
pot adherens junctions on the lateral surface of the
uscles. These may play a role in the function of integrins
n the assembly of the muscle sarcomeric structure. As first
hown in cell culture, loss of the PS integrins leads to loss
f sarcomeric structure (Volk et al., 1990). One of the
mutations in the gene encoding the aPS2 subunit causes
the unique phenotype of a loss of the sarcomeric structure
without loss of adhesion and demonstrates that the sarco-
meric defect is not an indirect cause of muscle detachment
(Bloor and Brown, 1998; the molecular nature of this muta-
tion is not known). Because this allele causes just a subset
of the phenotypes caused by the absence of aPS2, this
suggests that the mutation has impaired a subfunction of
the PS2 integrin that is specifically required for the forma-
tion of the muscle sarcomeres, such as the ability to
interact with a specific protein inside or outside of the cell.
There is also some evidence that the PS2 integrin func-
tion must be regulated, since deletion of the aPS2 cytoplas-
mic tail, which in integrins such as aIIbb3 causes the
heterodimer to have constitutively high affinity for extra-
cellular ligands, causes the formation of expanded muscle
attachments and ectopic attachments on the lateral surface
(Martin-Bermudo et al., 1998). Thus, in the normal case,
inside-out regulation of integrin function appears to re-
strain the integrins from forming inappropriate attach-
ments.
Integrin functions in the formation of the midgut: mi-
gration, adhesion, and signaling. The midgut is com-
posed of two cell layers: the endoderm and the visceral
musculature. The circumferential visceral muscles arise
from two lines of mononucleate muscles, arranged as pali-
sades, one on each side of the embryo (Dunin-Borkowski et
al., 1995). These palisades serve as a substrate for the
migration of the primordial midgut cells from the anterior
and posterior ends of the embryo toward the middle (Reuter
et al., 1993). Once the endodermal cells meet in the middle,
they reform an epithelial layer and these layers extend
dorsally and ventrally to form a tube from two sheets of
cells, as do the circumferential muscles (Skaer, 1993).
Finally the endoderm becomes compartmentalized and dif-
ferentiates to form several distinctive cell types.
Integrins have been shown to be required from the very
first steps of midgut formation. We have recently built on a
previous study (Roote and Zusman, 1995) to show that
s of reproduction in any form reserved.
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9Integrins as Mediators of Morphogenesis in Drosophilaendoderm migration requires coordinated function of the
three PS integrins, PS1, PS2, and PS3 (and/or PS4: the allele
scbIIG was used) (Martin-Bermudo et al., 1999). Loss of all PS
integrin function causes three defects: the visceral meso-
derm palisade is disorganized, the endodermal cells fail to
adopt a migratory morphology (Fig. 2a), and endodermal cell
migration is delayed by about 2 h (they do still manage to
reach their destination). The major role for the PS integrins
in this migration is in the endodermal cells, and either PS1
or PS3 can fulfill this role. PS2 integrin function is required
in the visceral mesoderm for the organization of the pali-
sade and to provide an optimal substrate for migration,
since in its absence there is a modest reduction in the rate
of endodermal cell migration. Later in development the loss
of PS2 integrin function disrupts the attachment of the two
sheets of circumferential visceral muscles at the dorsal and
ventral midlines (Fig. 2b), but we do not know whether they
fail to meet in the middle or meet and are later pulled apart
(Bloor and Brown, 1998; Martin-Bermudo et al., 1998).
In addition to the morphogenetic defects in the formation
of the midgut, loss of integrin function impairs the differ-
entiation of the endodermal cells. This was revealed by the
examination of enhancer traps and gene constructs ex-
pressed late in midgut development (Martin-Bermudo and
Brown, 1999). Importantly, genes that respond differently to
integrin function were identified, with one requiring inte-
grin function for repression (Fig. 2c) and one for activation,
demonstrating that loss of integrin does not simply reduce
or enhance transcription in general. Several experiments
showed that these integrin target genes are regulated by an
integrin signaling pathway that can be initiated by cluster-
ing of the b subunit cytoplasmic tail. The key experiment
showed that a chimeric transmembrane protein, containing
the cytoplasmic domain of the bPS subunit fused to a
eterologous protein, can substitute for the wild-type PS1
ntegrin to regulate the integrin target genes, but only when
t is dimerized. Thus, a dimer of the short (47 amino acids)
bPS cytoplasmic tail can regulate gene expression, but since
it cannot mediate adhesion there are still morphogenetic
defects in the midgut when it acts in place of PS1 (Martin-
Bermudo and Brown, 1999).
Since the two integrin target genes have different patterns
of expression it is clear that integrin signaling alone cannot
specify the patterns. Instead, integrin signaling must work
in concert with other localized proteins in the regulation of
these genes. It may be that the integrins provide a develop-
mental checkpoint, by providing feedback on tissue integ-
rity, through their interaction with the surrounding base-
ment membrane. This signal is then required for the
endodermal cells to proceed to the next step of patterned
differentiation. So far no examples have been found of
integrins affecting a decision between two alternative path-
ways of differentiation, in contrast to many of the other
signaling pathways active during development.
These results, and others from work in cell culture,
suggest that differentiation generally may require a permis-
sive cue from adhesion receptors as well as the directive
Copyright © 2000 by Academic Press. All rightignal from diffusible or cell-surface ligands (reviewed in
astry and Horwitz, 1996). The question of where and how
hese signals are integrated in the cell is currently the focus
f much investigation. There are not genetic data available
et that identify essential components of integrin signaling
athways in Drosophila, but the identification of homo-
logues of putative components (such as FAK and integrin-
linked kinase) and the results from genetic screens are
promising (see below and Table 1).
A process that is particularly sensitive to reduction in
integrin function is the evagination of the gastric caeca
(Martin-Bermudo et al., 1997; Bloor and Brown, 1998).
These blind-ended secretory tubes evaginate from the ante-
rior end of the midgut in response to a signal from the
TGF-b-like factor encoded by decapentaplegic (dpp) (Pan-
aniban et al., 1990). In integrin mutants, only two blunt
ubes are formed instead of the normal four slender ones
Figs. 2b and 2c). Unlike Malpighian tubule morphogenesis,
hich requires proliferation, the gastric caeca are formed by
rearrangement of the cells, as the number of gastric caeca
ells does not change in an integrin mutant (using enhancer
rap markers, M.D.M.B. and N.H.B., unpublished observa-
ions). The reason this process requires integrin function in
oth the visceral mesoderm (PS2 integrin) and the
ndoderm (PS1 integrin) is not yet known. Weak PS2
utants cause an intriguing partial phenotype in which
nly two tubes are formed, but they each split into two
ore distally (Bloor and Brown, 1998). This is also seen
hen PS2 in the visceral mesoderm is replaced with PS1
Martin-Bermudo et al., 1997). The gastric caeca thus pro-
ide a nice model for tubule morphogenesis and adhesion
hat deserves further examination.
So far it is not clear whether the different a subunits have
ifferent roles in the signaling process (Martin-Bermudo
nd Brown, 1999). Differentiation can be restored in the
idgut of a PS1 mutant embryo by using the GAL4 system
o express either aPS1 or aPS2 in the midgut. This suggests
that a specific a subunit is not required for this signaling
event, consistent with the ability of the chimera containing
just the bPS cytoplasmic domain to substitute for PS1
ntegrin function. As we have seen, aPS1 and aPS3 can
ubstitute for each other to mediate migration of the
idgut cells, but this redundancy does not extend to later
ignaling, since removal of PS1 alone causes defective gene
xpression. The inability of PS3 to substitute for PS1 in
ndoderm differentiation could be because either there is
ot enough aPS3 or the PS3 heterodimer is not able to
signal. It remains to be seen whether expressing more PS3
will rescue the PS1 signaling defect.
From the above experiments it might seem that the
different a subunits are functionally the same and thus
interchangeable in integrin heterodimers. However, one
well-documented difference is that the different a subunits
ause the PS integrins to have a different extracellular
igand binding specificity, when tested in cell culture (Got-
als et al., 1994a). To test the specific roles of the asubunits in vivo, mutations in the a subunit genes have
s of reproduction in any form reserved.
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10 Brown, Gregory, and Martin-Bermudobeen used in combination with GAL4-driven expression of
the a subunits in particular tissues to substitute one a for
another in the eye (Roote and Zusman, 1996), and in the
embryo (Martin-Bermudo et al., 1997), with different re-
sults. Both GAL4-driven aPS1 and aPS2 can substitute for
aPS1 in the eye, but they are not able to substitute for each
other in the embryo. The wrong a is better than no a, but
each integrin does have special functional properties re-
quired for embryonic or larval development. Swapping the
cytoplasmic tails of aPS1 and aPS2 has no effect on their
unction in all the assays used to date (Martin-Bermudo et
l., 1997, 1999). Thus, our current understanding of the two
ntegrins PS1 and PS2 is that they are functionally identical
rom an intracellular perspective, but they provide distinct
xtracellular ligand binding activities, which are essential
or some but not all of their functions. This is consistent
ith their sequences being related to two clear subfamilies
f integrin a subunits. Whether this is also true for the
divergent PS3–5 integrins remains to be tested.
Integrin functions in the epidermis: dorsal closure and
adhesion between the wing layers. The PS integrins have
at least two crucial roles in the development of the epider-
mis, during dorsal closure and wing development, but both
have mysterious features. Initially the dorsal region of the
embryo is covered with an “extraembryonic” cell layer
called the amnioserosa, and epidermis is specified in the
lateral and ventral regions. The dorsal edges of the epider-
mis come together about halfway through embryogenesis in
concert with the invagination of the amnioserosa and its
cell death. Loss of PS integrin function in the embryo
causes a failure in dorsal closure leading to a dorsal hole in
the epidermis (Fig. 2e). This is seen in embryos lacking the
zygotic contribution of the bPS subunit (Wright, 1960), or
the scab locus (lacking aPS3 and/or aPS4; Stark et al.,
997), but not in embryos lacking aPS1 or aPS2 (Brabant
and Brower, 1993; Brown, 1994; Brower et al., 1995). The
dorsal hole has been attributed to a loss of adhesion along
the dorsal midline, since dorsal closure was observed to
occur in living embryos and subsequently rupture (Wright,
1960; Roote and Zusman, 1995). However, two results fail
to support a model involving adhesion of the two sides of
the epidermis to each other: there is not strong expression
of bPS-containing integrins at the midline, compared to
ther sites of integrin adhesion, and the removal of both
aternal and zygotic bPS causes a stronger “tail-up” phe-
otype in which germ-band retraction also fails (Leptin et
l., 1989; Roote and Zusman, 1995). In addition, mutations
n a surprisingly diverse group of genes cause defects in
orsal closure, suggesting that it involves multiple path-
ays. For example, it is clear that proper specification of the
mnioserosa is essential for dorsal closure, as indicated by
he role of two zinc-finger proteins that are expressed only
n the amnioserosa, encoded by u-shaped and pebbled
Cubadda et al., 1997; Yip et al., 1997). In addition a
ignaling pathway has recently been proposed in which a
ascade involving Jun N-terminal kinase leads to the re-
ease of the TGF-b-like molecule decapentaplegic (Dpp) i
Copyright © 2000 by Academic Press. All rightfrom the leading edge cells, which signals to the more
lateral cells, causing them to elongate along the dorsal
ventral axis (reviewed in Knust, 1997). Thus, we have not
been able to distinguish yet between the many possible
ways that the PS integrin could contribute to dorsal closure:
differentiation of the amnioserosa, adhesion between the
amnioserosa and the epidermis, reception of a signal in the
leading edge that leads to Dpp release, the cell shape
changes that occur in the epidermis in response to the Dpp
signal, the contraction of the amnioserosa cells, some form
of migration of the epidermal cells dorsally, or adhesion
along the midline.
It is in the wing that loss of PS integrin function has the
most visible phenotype, that of loss of adhesion between
the two surfaces of the wing, which causes a fluid-filled
“blister” (Fig. 2f). In normal pupal development, the epithe-
lial sheet of the wing imaginal disc (the sac of cells that will
give rise to the adult wing) everts, with the presumptive
wing forming a sock-like protrusion. The sock flattens
when the sheets of cells on the dorsal and ventral surfaces
come together, via contact and adhesion of the basal sur-
faces to each other. However, the initial adhesion is not
stable, as pumping of hemolymph (blood) within the pupae
forces the two layers apart (Fristrom and Fristrom, 1992).
The layers later reappose and form stable junctions (see Fig.
4, top line), as long as integrins are active on the basal
surface; in their absence the failure of reapposition produces
wing blisters. The blister phenotype neatly fits with the
initially described unusual expression pattern of the PS
integrins in the wing imaginal disc, with PS1 restricted to
the presumptive dorsal surface and PS2 to the ventral (for
references see Brown, 1993). To generalize, each integrin is
only required on the side where it is highly expressed. This
has been shown by using mitotic recombination to make
large clones of cells within the wing homozygous for
mutations in the integrin a subunit genes (Brabant and
Brower, 1993; Brower et al., 1995). Thus, cells on the dorsal
surface of the wing require PS1 function, but do not require
PS2, and similarly ventral cells require PS2 and not PS1.
However, when smaller clones of cells are produced, this
simplicity breaks down, in that small clones lacking just
one or other a subunit adhere normally, regardless of their
position (Brabant et al., 1996). This result suggests that low
levels of each a subunit are expressed throughout the wing
nd are able to substitute for the other in small clones, but
ot large ones. The difference may be due to timing, in that
he larger clones are induced earlier and therefore the
ntegrin present at the time the clone is made runs out
arlier in development. Alternatively, this difference could
e quantitative, in that the small amount of the other
eterodimer present is able to resist the pressure to separate
nly in a small clone.
However, the role of the PS integrins appears to be more
omplex than simple attachment, and Brabant and col-
eagues have suggested that during wing layer adhesion
here are two phases of integrin function, an earlier signal-
ng function, which requires the two integrins to be on
s of reproduction in any form reserved.
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11Integrins as Mediators of Morphogenesis in Drosophila
Copyright © 2000 by Academic Press. All rightdistinct sides, and a second adhesive phase that both
integrins are able to do on either side (Brabant et al., 1996,
1998). The best evidence for such signaling was obtained by
looking at clones of cells lacking the bPS subunit in the
eveloping pupal wings. Loss of integrin function does not
mpair the initial adhesion between the dorsal and the
entral surfaces (Brabant et al., 1996). Normally the two
ayers then separate and reappose with the integrins becom-
ng concentrated at the sites of contact (Fristrom et al.,
993), but clones of integrin mutant cells fail to reattach to
he opposing cell layer (Brabant et al., 1996). Furthermore,
the wild-type cells facing the clone of mutant cells also
behaved abnormally: they did not extend processes toward
the opposite cell layer, and the bPS subunit was found
xpressed laterally rather than basally. Thus wild-type
ehavior of a wing cell requires integrins in the membrane
f that cell and in the opposing cell in the other layer (Fig.
), and we can envision three possible explanations for this
esult. The first is that during the initial apposition, the
ntegrins both send signals to and receive signals from the
pposing layer. The two signals combine to subsequently
romote reapposition of the two layers after their separa-
ion; in the model shown this is achieved by activation of
enes, but a combination of cytoplasmic signals could also
ork. In the second model, both integrins are required to
uild an ECM layer between the basal surfaces. This ECM
ayer would remain in the middle and attract the cell
rotrusions from each layer, leading to reapposition. A third
ossibility is that the cells normally use the PS integrins to
emain attached to the ECM by thin processes, but since
hese are not observed in fixed samples, we would hypoth-
size that they do not survive fixation. This possibility is
trengthened by the recent description of cytonemes, very
hin and fragile processes extended by wing imaginal disc
ells (Ramirez-Weber and Kornberg, 1999).
The experiments above also address the general question
f why two different integrins are needed in two opposing
issues. Our current model for the complementary expres-
ion of the two integrins PS1 and PS2 in the wing is that it
elps the two surfaces attach to each other rather than
olding over and attaching to themselves. The laminin
eterotrimer containing the wb a chain could bind the two
wing surfaces together simply by binding to each integrin,
since it may contain binding sites for both integrins as
discussed above. However we suspect that this picture is
too simple, particularly taking into account the early steps
in wing layer adhesion.
One additional result that is currently difficult to inter-
pret is that ectopic expression of an aPS subunit in the wing
hole in the ECM. The ECM is then required to attract the cells
back to reattach. In the third model, attachment is maintained
by very thin cytoplasmic processes (so far unobserved in fixedFIG. 4. Models to account for the phenotype of wild-type cells
acing a clone of cells lacking bPS function. Each part shows
three steps during pupal development: the first adhesion, the
first separation, and the subsequent reattachment. Mutant
clones of the bPS subunit cause a change in behavior in both the
clone and the wild-type cells (Brabant et al., 1996). In the
signaling model integrins both are a ligand for one signal (pink)
and receive a signal (blue), so that integrins are required on both
sides of the initial interaction to produce a combined signal
(purple) which then promotes reattachment. In the next model
integrins are required on both sides to assemble an ECM in thematerial) that require both integrins.
s of reproduction in any form reserved.
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12 Brown, Gregory, and Martin-Bermudocauses a loss-of-function wing blister phenotype (Brabant et
al., 1996). This is not simply due to expression in the wrong
region of the wing, because overexpression of a subunits on
the right side of the wing, e.g., PS1 on the dorsal side, still
causes wing blisters (I. Alvarez-Garcia, M.D.M.B., and
N.H.B., unpublished observations). Brabant and colleagues
found that the wing is sensitive to this dominant negative
effect only for a brief period during the initial contact of the
basal surfaces of the wing, at the start of pupariation,
leading them to suggest that it perturbed the signaling step,
although exactly how is not clear.
Loss of integrin function in the development of the adult
has also been shown to alter muscle attachment and the
formation of halteres, legs, and eye (Brown, 1993; Brower et
al., 1995; Longley and Ready, 1995; Bloor and Brown, 1998).
In the eye, PS1 is required for pigment and cone cells to
attach to the basement membrane of the retinal floor,
which keeps the photoreceptors properly elongated (Zus-
man et al., 1990; Longley and Ready, 1995). In addition to
the phenotypes described already, mutations in Drosophila
integrin genes have also been shown to perturb the devel-
opment of the trachae, proventriculus, and salivary glands,
affect axon pathfinding and synapse remodeling, and reduce
short-term memory (Stark et al., 1997; Pankratz and Hoch,
1995; Grotewiel et al., 1998; Hoang and Chiba, 1998;
Beumer et al., 1999). Thus, the number of possible func-
tions of integrins during the life of Drosophila continues to
ncrease with further examination. This work also raises a
eneral question: will all functions of the vertebrate b1-
containing integrins be conserved in the functions of the PS
integrins in Drosophila? One possible significant difference
is the role of the integrins in regulating proliferation. In cell
culture integrins are very important for cell survival and
proliferation (Cheresh and Mecham, 1994; Sastry and Hor-
witz, 1996; Giancotti and Ruoslahti, 1999). In Drosophila,
loss of integrin function has not been observed to alter rates of
proliferation or survival. Further analysis is required to deter-
mine whether this difference indicates a different requirement
for regulation of proliferation in the two systems or whether it
just reflects the different methods of analysis.
It has not yet been determined how similar or different
the functions of the various integrins are in these different
developmental events. For example, we have found that PS1
is required in the endodermal cells for both its adhesion to
the overlying visceral mesoderm and its signaling to regu-
late gene expression (Martin-Bermudo and Brown, 1999). Is
this also true for the PS2 integrin in the muscles, or is the
adhesive function sufficient for muscle attachment? Differ-
ent classes of mutation in the gene encoding aPS2 suggest
that the protein is required for different functions in differ-
ent tissues (Bloor and Brown, 1998). Do these represent
differences in signaling pathways, differences in the type of
cytoskeletal or ECM protein that it interacts with, or both?
In order to resolve these questions we need to know more
about the other proteins required both inside and outside
the cell for integrin function.
Copyright © 2000 by Academic Press. All rightINTEGRIN PATHWAYS
The wing blister phenotype has proven to be a useful and
selective phenotype to use to screen for mutations in the
genes encoding integrins and proteins required for integrin
function. The viable allele of inflated, the gene encoding
aPS2, was used to isolate additional inflated alleles by F1
screens for the wing blister phenotype (Brabant and Brower,
1993; Brown, 1994; Bloor and Brown, 1998). In addition to
inflated, a number of additional loci had already been
identified from viable mutations that cause wing blisters:
blistered, blistery, bloated, vesiculated, and wing blister
Lindsley and Zimm, 1992; FlyBase Consortium, 1999).
listered encodes the Drosophila homologue of the serum
esponse factor and is required for specifying intervein fate
Montagne et al., 1996). The vein regions of the wing
urface form tubes within the wing where the two layers are
ot attached, and integrin expression is reduced (Fristrom et
l., 1993). A mutation in blistered causes more cells to be
pecified as vein rather than intervein, and so less of the
wo surfaces are attached, which is likely to account for the
ing blister. As already discussed, wing blister has recently
een shown to encode a laminin a subunit, and thus its
phenotype appears to be due to the loss of a PS integrin
ligand (Martin et al., 1999). The others, blistery, bloated,
and vesiculated, have not been cloned yet.
Although viable or dominant alleles are available for
some loci, it seems likely that genes encoding other impor-
tant components of integrin function may not easily mu-
tate to give such phenotypes. For example, using X rays and
EMS, only 1 of 30 new inflated alleles produces a viable
phenotype; the remainder cause lethality (Bloor and Brown,
1998). Therefore, a more effective way to screen for new
genes would be to find lethal mutations that cause a bubble
when clones of homozygous mutant cells are produced in
the wing. The development of the FLP-FRT method for
efficient mitotic recombination made this kind of screen
practical (Golic, 1991; Xu and Rubin, 1993). This approach
was used to isolate alleles in the gene encoding the aPS1
subunit (Brower et al., 1995), and then more comprehen-
sively to attempt to identify all genes that can be mutated
to give wing blisters in clones (Prout et al., 1997; Walsh and
Brown, 1998). The FRT-FLP screens turned out to be quite
selective, since not many loci could be mutated to give the
blister phenotype. They worked most effectively on the two
arms of the second chromosome, and when the two inde-
pendent screens were combined, multiple alleles were ob-
tained for almost all of the genes on the second, suggesting
that most if not all of the loci on the second have been
identified. For reasons that are not clear, the screens on the
third chromosome were much less effective. These screens
also succeeded in isolating new alleles of the viable wing
blister loci discussed above, with the exception of wing
blister. Therefore in total, these screens resulted in the
identification of 26 genetic loci that contain 2 or more
mutant alleles that cause a wing blister phenotype. Three of
these loci appear to cause blisters as a secondary conse-
s of reproduction in any form reserved.
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13Integrins as Mediators of Morphogenesis in Drosophilaquence of producing ectopic veins: the previously discussed
blistered and 2 neurogenic genes, Delta and mastermind.
Included within the remaining 23 genes (Table 1) are the
genes encoding three of the PS integrin subunits, and 2 that
cause changes in the shape of the wing in addition to a loss
of adhesion, dumpy and bloated.
One general point to emerge from the genetic screens for
integrin-related genes is that none of the mutations in these
genes has exactly the same phenotype as an integrin muta-
tion. Thus, not too surprisingly, these other components
are either involved in more functions than enabling inte-
grins to work, and give additional phenotypes, or they are
involved in only a subset of integrin functions and give only
a subset of phenotypes. Examples of the former are muta-
tions in the locus how (allelic to struthio and also to
scorpion, which had been incorrectly mapped to a different
chromosomal location; C. Bo¨kel and N.H.B., unpublished
results), which cause severe embryonic defects including a
block in muscle fusion not observed in integrin mutants,
and in takahe, which cause stronger dorsal hole and gut
phenotypes (Walsh and Brown, 1998). Several genes are
embryonic or early larval lethal but have fewer morphoge-
netic defects than embryos lacking the PS integrins:
dumpy, kakapo, kiwi, moa, papillote, piopio, puri, rhea,
and steamer duck (Prout et al., 1997; Walsh and Brown,
1998). Two genes appear to be required only for wing
adhesion as all known alleles are viable: blistery and
vesiculated. The remaining seven loci have mutations that
cause lethality as a larva or pupa for currently unknown
reasons. The fact that many of these genes do not have a
role during embryogenesis suggests that the proteins that
assist integrin function may be different in the wing and the
embryo, and we may have to do additional screens for
embryonic integrin-like phenotypes to identify those not
required in the wing. In addition it remains possible that
there is more than one pathway required for adhesion
between the two wing surfaces, one that is integrin-
dependent and one that is integrin-independent. The char-
acterization of more genes with a wing blister mutant
phenotype should clarify this point.
Although this type of screen does not necessarily isolate
only loci required for integrin function, we have been
encouraged by the nature of kakapo, one of the two loci
from this screen that have been cloned so far (Gregory and
Brown, 1998; Prokop et al., 1998b; Strumpf and Volk, 1998).
Kakapo is a new cytoskeletal protein, which is related to
actin binding proteins such as filamin, a-actinin, spectrin,
ystrophin, and plectin. At its N-terminus it is most similar
o plectin and the related BPAG1, while the C-terminal
wo-thirds are more similar to dystrophin. A section at the
ery C-terminus is homologous to part of the growth-arrest-
pecific protein GAS2, which has also been implicated in
ctin remodeling (Brancolini et al., 1995). In the embryo,
akapo is particularly highly expressed in those epidermal
ells that attach to the muscles, and in kakapo mutant
mbryos, the microtubule bundles, which should connect
he apical to the basal surface, are no longer connected and a
Copyright © 2000 by Academic Press. All righthe epidermal cells break (Gregory and Brown, 1998; Prokop
t al., 1998b). Kakapo is found both basally and apically in
he epidermal cells, so our model is that it links the
icrotubules to surface receptors at both ends of the cell
Fig. 3). Kakapo is also required for the proper differentiation
f epidermal muscle attachment cells, but it is not clear
ow it does this (Strumpf and Volk, 1998). Recent charac-
erization of vertebrate orthologues of kakapo has shown
hat it is conserved throughout its length and associates
ith both actin and microtubules (Leung et al., 1999;
kuda et al., 1999). The kakapo phenotype resembles the
kin blistering phenotype seen in mice and humans mutant
or plectin and/or BPAG1, which links the hemidesmosome
ntegrin, a6b4, to intermediate filaments (reviewed in
Nievers et al., 1999). No orthologues of hemidesmosome
proteins (b4 integrin subunit, plectin, BPAG, or cytokera-
ins) have been identified in Drosophila. Therefore, al-
hough the overall mechanism of epidermal adhesion is
imilar, vertebrates appear to have used a diverged set of
elated proteins to take advantage of intermediate filaments
ore extensively. It will be of interest to see if the verte-
rate kakapo proteins are associated with particular types of
ntegrin-mediated adhesive junctions.
A second gene, held out wings, was cloned by three
roups independent of its identification in the FLP-FRT
creen and is also known as struthio or wings held out
Baehrecke, 1997; Fryberg et al., 1997; Zaffran et al., 1997).
his gene not only has wing phenotypes reminiscent of
ntegrins, it also has defects in muscle attachment. It is
xpressed on both sides of the muscle attachment and
ncodes a putative RNA binding protein, containing a KH
omain found in quaking and other proteins. What role this
rotein has in integrin-mediated adhesion is not yet clear.
Although it is a great advantage to be able to use Dro-
ophila genetics to ask what gene products are essential for
ntegrin function, another fruitful approach will be to
haracterize Drosophila homologues of proteins identified
n vertebrates as involved in integrin function. The recent
rogress in genome sequencing in Drosophila (Berkeley
rosophila Genome Project/HHMI EST Project, unpub-
ished) has allowed us to identify a large number of such
omologues (Table 1). This approach may yield some dis-
ppointing results, such as the absence of a detectable
henotype of a mutation in the vinculin gene (Alatortsev et
l., 1997), but these are balanced by a finding such as the
ene encoding a new laminin chain corresponding to the
ing blister locus (Martin et al., 1999).
In summary, in the past few years substantial progress
as been made in understanding the role of integrins during
rosophila development. Diverse approaches are currently
eing used to identify other proteins that are required for
ntegrin function. With molecular biological tools to ma-
ipulate these proteins, and with mutations in the genes
ncoding them, we will be able to determine how the
ifferent possible modes of integrin function are used to
chieve different developmental consequences.
s of reproduction in any form reserved.
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